In the main text we apply the buckling framework to measure the bending rigidity of four different membrane models: three coarse-grained (CG) models, and one atomistic one. The CG models differ in their level of resolution as well as in the presence/absence of explicit solvent. All models have been described in detail in the literature, so we will restrict their discussion to a bare minimum, sufficient to clarify their characteristic aspects and the specifics of the performed simulations.
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combinded with Monte Carlo resampling of the data results in the shifted (and less accurate) value κ ∞ = (11.9 ± 0.7)k B T , which is now compatible with the other measurements.
MARTINI: In this force field four heavy atoms in a molecule are mapped to one CG bead, the type of which depends on polarity, net charge, and the ability to form hydrogen bonds. A library of such CG beads has been established, whose non-bonded interactions have been parameterized to reproduced most of the thermodynamics correctly, especially the partitioning free energy between different environments, such as between aqueous solution and oil. 8 We pick MARTINI-DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine, or (14:0)-PC) for this paper, which consists of 10 beads and in particular 3 per lipid tail. The model contains solvent, but one MARTINI CG water bead represents four atomistic water molecules. The system was simulated using GROMACS 4.5, 9 using a Berendsen thermostat 10 (time constant τ T = 1 ps, reference temperature T = 300K), a time step of δt = 20 fs, and a 1.2 nm-cutoff neighbor list updated every 10 steps. Standard cutoffs of 1.2 nm for LJ and Coulomb interactions were used. The relative dielectric constant was chosen as ε r = 15. To initiate buckling, we also applied a Berendsen barostat 10 (reference pressure P x = 6 bar, P y = P z = 1 bar, time constant τ P = 3 ps, (isothermal) compressibility κ T = 3×10 −5 Pa in the x− and z− directions). After initial configurations of the buckles have been created, the barostat was reset to P x = P y = P z = 1 bar and κ T,x = κ T,y = 0, κ T,z = 3 × 10 −5 Pa.
Wang:
This solvent-free CG model represents one DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine, or (18:1c9)-PC) lipid with 17 beads (6 per lipid tail). 11, 12 The non-bonded interactions are parametrized to reproduce the pair correlation functions derived from atomistic simulations, and additional cohesive forces are used to drive aggregation. ESPRESSO 3 was used as the simulation engine. The units for the simulation are length σ = 1Å, energy ǫ = k B T ≃ 4.28 × 10 −21 J at T = 310 K, mass m = 1 Da, and time τ = σ m/ǫ ≈ 0.062 ps. The time step is δt = 0.02τ . A DPD thermostat 13 was used with a friction coefficient γ = 1.0 τ −1 , a cutoff of 15Å, and a time constant τ T = 0.02 τ . An isotropic NPT barostat 14, 15 was used to find the stress-free length of the membrane and to create some of the starting configurations. In all cases, the piston mass was 0.02 Da and the box friction (τ box ) was 0.002 τ −1 . To create the initial buckling conditions, an approximate transformation of a flat membrane (see Section II A below for more infomation) was used for small compressions γ < 0.1, and active compression with a barostat (Section II B) for higher strains. For the active compression cases, the bilayer was prebuckled to a strain γ = 0.1 and the barostat was set to P x = 3.5 bar and P y = P z = 0 bar.
Berger: This is a (united atom) atomistic force field for lipids, where nonpolar hydrogen atoms are grouped together with carbons into CH, CH 2 , CH 3 beads. 16, 17 We studied the case of DMPC lipids solvated in SPC water molecules. A combination of a Nose-Hoover thermostat 18, 19 (τ T = 1.0 ps at T = 300 K) and a Parrinello-Rahman barostat 20, 21 (τ P = 50.0 ps, κ T,x = κ T,y = 0, κ T,z = 5 × 10 −5 Pa, at 1 bar) are used in the simulations. The neighbor list is updated every 10 steps with a cutoff at 1.0 nm. Van der Waals interactions share the same cutoff. For electrostatic interactions, the particle-mesh Ewald method [22] [23] [24] was used with a real space cutoff of 1.0 nm and a grid spacing of 0.12 nm. All simulations were first conducted for 100 ns with time step 4 fs for equilibration. Then, a smaller time step 2 fs was used for 100ns-long production runs. The initial buckled configurations were backmapped from MARTINI-DMPC simulations using a special version of GROMACS 25 (see Section II C below).
II. CREATING THE INITIAL STATE OF A BUCKLED MEMBRANE
We explored a number of different strategies to create an initial configuration of a buckled membrane at some specified value of γ. Their suitability depends on the resolution of the membrane model and the presence or absence of solvent.
A. Approximate transformation of a flat membrane
If the membrane model is free of solvent, one can create a buckled membrane of length L x = L(1 − γ) from the coordinates of an initially flat membrane of length L by transforming all coordinates according to
where the buckling amplitude is given by
This transformation gives neither the exact shape of the buckle (which is not simply a cosine) nor the correct tilt of the lipids (they are merely shifted up or down). However, for small enough strain (γ < 0.2) the transformed conformation is a sufficiently plausible initial configuration (possibly requiring softened potentials during a short warm-up phase to relax overlap). Strains beyond that can be obtained by taking this structure and compressing it further along the x-axis by means of a barostat (see below).
B. Active compression using a barostat
For explicit solvent membrane models the transformation described in equation (S1) is unsuitable due to its effect on the distribution of the solvent molecules. To keep the total volume and thus the solvent density unchanged, it is important
Yet, the distribution of the solvent molecules would become anisotropic. Hence, we instead employed the following methods:
For the MARTINI simulations we used a barostat right from the start to actively compress the membrane along x, with an excess pressure along the x-direction (meaning, beyond the 1 bar anyways acting along the x-and z-direction) of approximately twice the buckling counter-pressure of f x (γ)/L z . From this trajectory one can take snapshots at desired values of γ and use them as initial configurations for the subsequent constant volume simulations at fixed strain. Evidently it is not necessary to compress the system quasi-adiabatically, because the initial configurations can relax during the subsequent constant volume phase (unless one compressed so violently that the membrane disintegrated).
Since the Wang model has no explicit solvent, it is not necessary to conserve the total volume by increasing the box sixe in the z-direction. However, it is necessary to start the compression from a pre-buckled state (using e. g. Eqn. (S1)) instead of a flat membrane. When a flat membrane is compressed, it has a tendency to buckle into an intermediate state with multiple smaller buckles that can take an unnecessary long time to reach a proper buckled state.
C. Back-mapping from a buckled lower resolution model
For the atomistic simulation we took relaxed MARTINI membrane conformations at a given strain and back-mapped all CG coordinates into finer resolution atomistic ones, using a built-in GROMACS routine described in Ref. [ 25] . This resulted in almost relaxed atomistic starting conformations. We consider this a compelling example how back-mapping can save considerable computational time, because the compression of a MARTINI membrane to γ ≈ 0.5 takes less than a day, while actually compressing the atomistic system would take much longer. (Notice that we did not use the already existing "production-run" MARTINI level buckles, which have 1120 lipids, because we wished to reduce both the number of lipids as well as the number of water molecules, given the still substantial computational burden of atomistic simulations.)
We have also created buckled MARTINI structures by back-mapping buckled Cooke-model structures. This works as well (provided that the Cooke model parameters are suitably chosen to reproduce the lipid aspect ratio), but when solvating the MARTINI membrane, additional care might have to be exercised to control the total number of added water molecules. While this normally might not matter, our thermodynamic analysis described in Section IV D (main text) requires having the same number of water molecules for every value of γ.
III. RESULTS FROM ALL FOUR SYSTEMS

A. Stress-strain relation
For these systems, the stress-strain relation is shown in Fig. S1 . Generally speaking, our simulation results confirm the theory summarized in Section II F in the main article. Figure S2 . Dependence of the potential energy Esim and the free energy E on the strain for all four systems studied. In each panel, solid circles denote the shifted potential energy Esim measured from simulations. The solid curve is the free energy predicted by the buckling theory using κ from the fit to the x-forces. The dashed curve is a fit of the data to Esim = E0 + RE(γ) with fitting parameters R and E0, where the latter is subsequently substracted from fit and data.
were simulated, even for DOPC. For the Berger model, in addition to the concerns about the small strain, a tighter simulation box was used to save some computing time, thus large strain (γ > 0.35) is also excluded to avoid the contacts between the membrane with its own periodic image. The error with the Berger model is significantly larger because of the increased fluctuations of this high resolution system. Thus, two independent simulations with different initial configurations were conducted for some γ's.
B. Strain-energy relation
The analysis on the potential energy E sim and free energy E is shown in Fig. S2 . In all systems, the total potential energy E sim and free energy E increase monotonically with repect to the growing strain γ because work is being done on the system by compressing. However, the real energetic cost to bend the membrane, as dictated by the free energy E(γ), is much lower than the increase in the potential energy E sim ; the ratio E sim /E is 5 ∼ 10, as shown in Table III in the main article. The gain in entropy at higher strain compensates a major part of the increase in the potential energy.
